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ABSTRACT

Dendrimers have found many applications in the fields of polymer
science,

biophysics,

nanomedicine

and

the

petroleum

industry.

Poly(amidoamine) (PAMAM) was studied as a model dendrimer and squalane
as a model hydrocarbon. The interaction between PAMAM and squalane is pH
dependent. Specifically, at low or neutral pH the squalane is found on the
periphery of the PAMAM while at high pH the hydrocarbon is entrapped inside
the PAMAM molecules.
Single‐molecule fluorescence revealed that the interaction between
PAMAM and squalane is reversible. At a pH value of 8, the time constants for
the approaching, binding and dissociation of single PAMAM to squalane are
0.5s, 7.5s and 0.5s respectively. Spectrophotometric measurements revealed these
interactions increase for dendrimers of lower generations.
PAMAM was found to be an effective vector for plant gene delivery. By
optimizing the pH of the plant growth medium and the molar ratio of dendrimer
to plasmid DNA, the expression of Green Fluorescent Protein (GFP) delivered by
PAMAM is possible in turfgrass cells. In principle, this method could be
extended to other plant cells by optimizing the dendrimer delivery system as
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necessary. Such novel scheme overcomes the pitfalls of conventional gene
delivery means involving intensive labor, cost and host range limitations.
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CHAPTER ONE
INTRODUCTION
Dendrimer Structure
The name dendrimer was derived from the word dendron which means
tree in Greek. Based on macromolecular architecture, dendrimers belong to one
of the four major classes which also include random hyper‐branched polymers,
dendrigrafts, and dendrons [1]. Dendrimers are the first large group of polymers
with precise chemical composition and well defined structure (Figure 1.1). First
synthesized in 1980s through repetitive chemistry [2], a dendrimer molecule
consists of a central core, layers of branches and terminals, and are symmetric
and polydisperse [3, 4]. Each layer of branches around the central core creates a
new generation with double the number of terminal groups. The proliferation of
dendrimers from lower to higher generations mimics biological cell division [5].
Hyperbranched polymers, in contrast, are similar to dendrimers in terms of
composition but are less symmetric in structure.
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Figure 1.1: General chemical structure of a poly(amidoamine) molecule, or
PAMAM, one of the most commonly synthesized dendrimers. It has an ethylene
diamine core with two amino groups which are covalently linked to four
branches of the repeating monomer forming generation 0 (G0). Each of these four
amino terminal ends are further attached to eight other monomer units forming
Generation 1 (G1) and so on.

Dendrimer properties
Table 1.1 below summarizes the chemical composition and geometry of
PAMAM of generations 0‐10. The maximum generation that PAMAM can reach
is eleven. This is due to the steric hindrance caused by the growing number of
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branches which does not allow enough room for further branches to grow [6]. As
the generation increases, the dendrimer structure becomes more spherical and
less flexible.
Generation
0
1
2
3
4
5
6
7
8
9
10

Theoretical
Diameter (Å)

Molecular Weight
(g/mol)

Number of Terminal
Amino groups

517
1430
3256
6909
14215
28826
58048
116493
233383
467162
934720

4
8
16
32
64
128
256
512
1024
2048
4096

15
22
29
36
45
54
67
81
97
114
135

Table 1.1. Chemical properties of PAMAM from Dendritech ®

The structure and rigidity of PAMAM also depend on the pH of the media
[7]. At low pH all the nitrogen atoms are positively charged, which makes the
dendrimer less flexible due to the intermolecular electrostatic interactions. At
neutral pH, only the terminal nitrogen atoms are positively charged. This makes
the dendrimer more flexible. At higher pH (pH~11), none of the nitrogen atoms
are charged and the dendrimer becomes highly flexible.
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Dendrimer applications
Compared with other families of polymers, dendrimers offer distinct
advantages of ease and accuracy in controlling their size, composition and
reactivity. The terminal ends of dendrimers, which define their chemical
properties, can be functionalized to render numerous applications especially in
biosensing, pharmaceuticals and biomedicine. For these applications, the toxicity
aspect of dendrimers has been studied. In general, neutral and anionic PAMAM
molecules are regarded as bio‐benign, while cationic PAMAM molecules show
slight toxicity. Such toxic effects may be minimized by choosing proper
functional terminal groups [8].
Biological applications
Within the realm of biological applications, dendrimers have served as
contrast agents for magnetic resonance imaging and have shown prolonged
vascular retention time [9]. Dendrimer coupled with proteins have been used for
immunoassays for various biochemical markers [10]. Carbon nanotubes
functionalized with dendrimers can sense glucose without an additional
mediator [11]. In microarrays [12], dendrimers are used as a linker for the probed
DNA. PAMAM‐modified gold electrodes can improve DNA attachment and
therefore facilitate the electrochemical detection of DNA hybridization [13]. At
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physiological conditions, dendrimers can serve as particulate systems for the
delivery of nucleic acids, drugs and prodrugs by holding the loads in their cores
or on their surfaces while retaining their polymeric properties [14, 15, 16]. By
modifying dendrimers with specific functional groups, pharmacological
properties of the dendrimers can be implemented [17]. Clinical trials focused on
controlled drug delivery using dendrimer in cancer therapy are being carried out
[18].
Applications in the petroleum industry
One of the most interesting uses of dendrimers and hyperbranched
polymers is in the prevention of gas hydrate formation in the oil pipelines, a
major problem facing the petroleum industry and costing over $1 million dollars
per day [19, 20, 21]. As the oil pipelines run deep into the sea where the
temperature is very low and pressure is very high, hard and stable ice‐plugs
form in the pipelines which may ultimately cause production stoppages [22].
Conventional reagents like antifreeze and methanol have been used for the
prevention of gas hydrate formation but require a recovery process. It has been
found that certain dendritic polymers can suppress the crystallization of gas
hydrate in water‐hydrocarbon mixture [19], although the mechanism of this
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action is poorly understood. The use of dendritic polymers is advantageous since
it devoids the recovery phase as these polymers are applied in very low doses.
Gene delivery methods
Gene delivery holds great promises for offering new and alternative
therapy and has been an active research area over the past two decades. In
general, foreign genes may be delivered into target cells by viral or non‐viral
vectors and incorporated by the cellular machinery to elicit desirable
bioactivities.
Viral vectors are efficient in transferring gene into living cells. These
vectors are modified so that they do not cause any harm to the host system.
Adenoviruses, Herpes Simplex viruses and retroviruses are common and
efficient vectors for gene delivery and transfection. However, the immune
responses and mutagenesis have raised serious concerns over the safety of using
viral vectors. Other limitations include the size of the gene these vectors can
carry and the practical challenges involved in the production of the vectors [23].
Non‐viral vectors, in contrast, have gained popularity over viral vectors
due to the aforementioned limitations [24]. Non‐viral gene delivery is performed
using either physical or chemical approaches. The physical approaches do not
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involve any gene carrier, rather they employ the use of needle injection, gene
gun, electroporation, and ultrasound, etc.
Needle injection, in particular, involves simple injection of plasmid DNA
into the host cells. Needle injection into liver [25], lung [26], muscle [27] and skin
[28] have shown a very low efficiency but is simple and does not introduce
toxicity.
A gene gun has proved to be effective in delivering gene into liver, skin
and muscle tissues [29]. For this method, gene is coated by gold nanoparticles
and then shot into a target cell by pressurized gas. The large force drives the gold
nanoparticles along with the gene tear into the cell by a few millimeters deep.
This method is simple and effective, however, is highly invasive.
Gene delivery using electroporation has been tested with various tissue
types in vivo [30]. The discharge of short and high voltage impulses causes
temporary pore formation on the cell membranes and the subsequent uptake of
DNA into the cell. These pores reseal automatically after the uptake [31]. It is
noted that several drawbacks are associated with this technique. For example, it
can not be used for large tissues, and high voltages may damage the tissues in
contact and surgery may be required to place the electrodes inside the organ.
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Ultrasound refers to sound waves of more than 20,000 Hz in frequency,
which may create microbubbles with high pressure and temperature. The violent
flow around the microbubbles facilitates the uptake of gene by the cells.
Although this method is simple and inexpensive, cell damage often occurs due to
the high temperature generated by the sound waves [32].
The chemical approaches for gene delivery include the use of natural and
synthetic carriers, such as calcium phosphate, cationic lipids, cationic polymers
and hybrid systems. Transfection using calcium phosphate is one of the most
commonly used methods for gene delivery into mammalian cells. In this method,
the calcium phosphate‐DNA complexes translocate the cell surfaces via
endocytosis. This method does not work well with primary cell cultures and
animals due to variations in the composition and size of the complexes [33].
Liposomes are formed by lipids at or above the critical micelle
concentration. Lipoplexes are formed when mixing liposomes with DNA. This is
resulting from the electrostatic interaction between the positive charges on the
liposome surfaces and the negative charges on the phosphate backbone of the
DNA. This method is nontoxic and highly efficient and can be used for a broad
spectrum of cell types. However, the transfection efficiency of this method varies
significantly with cell types [34].
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Cationic polymers, PAMAM included, are a group of highly water‐soluble
molecules. They are either linear, branched or spherical and have been shown
effective for gene delivery by forming polymer‐DNA complexes [35, 36]. When
mixed with DNA, PAMAM self assembles with DNA and forms a small tortoidal
structure of approx 40‐100 nm [37]. The size of the tortoidal structure depends on
the generation of the PAMAM, pH of the solvent and the N/P ratio (amino to
phosphates ratio). When these complexes are added to cell cultures, they are
taken up by cells through endocytosis [33]. Gene delivery using dendrimers is
one of the several non‐viral gene delivery systems which have been trialed with
mammalian cells, and may prove to be promising for human gene therapy [38].
In summary, an ideal gene delivery method should 1) deliver the gene
across the cell membranes into the cell, 2) protect the gene against any nuclease
activity in the cell, and 3) not cause harmful effects to the cell [23].
Gene delivery to mammalian cells
Mammalian cell membranes are composed of several types of molecules
including glycerolipids, cholesterol, proteins and sphingolipids. Mammalian cell
membranes are relatively thin as compared to plant cell walls. For mammalian
cell gene delivery, nucleic acids are normally transported to the host cells by a
carrier and then disintegrate. They either express gene on their own or integrate

9

with the host genome and get expressed by the host cell system. The carriers
normally fit into one of the three types: nanoparticles, cationic carriers and
liposomes.
Recently, efficient gene transfer into mammalian cells has been
demonstrated using non‐viral carriers such as PAMAM [39, 40]. Such delivery
scheme is believed to be operated by a cholesterol dependent pathway [41].
Gene delivery to plant cells
Gene transfection in plant cells is far more challenging than mammalian
cells. This is mainly due to the thick barrier made up of plant cell membranes
and the plant cell wall. The plant cell membranes are similar to the lipid bilayer
of mammalian cells. The plant cell wall is made up of polysaccharides composed
of cellulose and pectin. The cell wall provides rigidity and stiffness to the cell and
acts like a barrier against the invasion of foreign body. Furthermore, the cell wall
provides the protoplast a chemically buffered environment, a gateway for the
passage of water, ions and other molecules. Under stress the cell wall becomes
permeable to molecules such as nucleic acids, a basis for gene transfection in
plant cells.

Transgenic plants which carry genes from different species, has played an
important role in the development of agriculture, especially in driving the
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improvement of genetically modified (GM) crops and plant molecular genetics
[42]. Among the transgenic techniques, Agrobacterium was one of the first to show
efficient gene transfection in plant cells [43]. Gene transfer using the physical and
chemical approaches as aforementioned has also been demonstrated for plant
cells [44, 45]. However, most of these methods are characterized by intensive
labor, cost effectiveness and adverse effects on cell growth.
Total internal reflection fluorescence

Figure 1.2: Total Internal Reflection at glass‐water interface.
When rays of light travel from one medium of refractive index n1 to
another medium of refractive index n2, they are reflected (blue) and refracted
(yellow) from the normal path (Figure 1.2). The angle of refraction changes with
the angle of incidence following the Snell’s law [46]. At a point the angle of
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refraction becomes right angle or all the light rays travel along the interface. This
angle of incidence is known as critical angle (θc) [46]:

⎛n ⎞
sin θ c = ⎜ 2 ⎟ .
⎝ n1 ⎠
If the incident angle is further increased, all the rays are reflected back into
the first medium. This phenomenon is known as total internal reflection (TIR).
The concept of TIR has been applied in telecommunication where light
propagates in an optical fiber without the loss of energy. Other applications
which have involved the concept of TIR include endoscopes, touch screen, rain
sensors, and gonioscopy, etc. For TIR, non‐radiating evanescent waves are
generated on the interface between two different media. The evanescent waves
are electromagnetic waves that decay exponentially away from the interface to
~100 nm, where single fluorophores can be readily excited to form the
foundation of total‐internal‐reflection fluorescence microscopy (TIRF). Appling
such technique to biology has drastically advanced our understanding of the
inner workings of molecular motors, protein‐DNA interaction, protein folding,
and the dynamics of biomolecular systems [47].
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Supramolecular assembly
Ordered molecular complexes constructed by nonspecific forces are
termed as supramolecular assembly [48]. The sub‐branch of chemistry involving
such a process is classified as supramolecular chemistry [49], which has broad
implications from living biological systems to nano‐ and biotechnology.
The underlying mechanism of supramolecular assembly is non‐covalent
interaction, where hydrogen bonding, metal coordination, van der Waals
interactions, and π‐π interactions mediate the formation, or “self assembly”, of
high‐order “supermolecules” from individual molecules. Examples of these
supermolecules, whose sizes range from a few nanometers up to tens of
nanometers or even micrometers, can be found in the processes of crystal
growth, generation of synthetic lipid bilayer, and formation of metal co‐
ordination complexes [48].
Applicability of the reviewed literature to my current research
Physical chemistry
To understand the interaction between dendrimer and hydrocarbon at the
single‐molecule level, a Generation 3 PAMAM (G3‐PAMAM) was chosen as a
model for dendrimer and squalane, a natural extract from olive oil, as the
hydrocarbon. The rationales for using G3‐PAMAM are the following. First,
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PAMAM is one of the most commonly used dendrimers in chemical engineering
and nanotechnology. Their chemical composition and properties are well
understood. Second, the binding of lower‐generation dendrimers such as G3‐
PAMAM to hydrocarbon is stronger than the higher generations. Third, as I will
show in Chapter 3, medium sized PAMAM allows the efficient uptake of DNA
through the plant cell wall.
The parameters I have examined for the interaction of PAMAM and
squalane include the generation of the dendrimer, and the pH and temperature
of the solvent. Both UV‐vis spectrophotometry and TIRF have been employed for
these studies, which are further confirmed by molecular dynamics simulations
provided by our collaborators at Iowa State University.
Gene delivery
The second part of my research, as documented in Chapter three, involves
a supramolecular assembly of PAMAM and plasmid DNA. The formation of
such an assembly is attributed to the hydrophobic interaction and electrostatic
forces between the primary amines of the PAMAM and the phosphate backbone
of the DNA, a knowledge derived from my study in Chapter two. Utilizing this
complex I show the effective delivery and gene expression in turfgrass cells, and
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elaborate on the merits of this novel method such as efficient, cost effective and
non‐invasive to plant cells.
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CHAPTER TWO
DENDRIMER‐HYDROCARBON INTERACTION AT THE MOLECULAR
LEVEL
In this chapter I present my research on the physical interaction of
dendrimers and hydrocarbon at the single‐molecule level. By examining the
generation, pH and temperature effects I show the rich physical chemistry in the
binding of dendrimer PAMAM and hydrocarbon squalane. This study facilitates
our understanding of dendrimer polymers and the mechanism of gas hydrate
prevention using dendrimers and hyperbranched polymers. This study further
lays a foundation for our exploration of plant gene delivery using dendrimer
transporters as described in Chapter 3.
Methods
Spectrophotometry
Pure squalane (Supelco, C30H62, MW 422, Figure 2.1 A) was vortexed with
G1, G3, or G5‐PAMAM (Dendritech) of equal concentration (0.45 mM). The final
concentration of the squalane was estimated to be 0.96 mM. For generation
dependence, the absorption spectra of the mixtures (pH = 8, each stabilized for 10
min) were acquired using a Biomate 3 spectrophotometer. For pH dependence,
the absorption spectra were measured for G3‐PAMAM‐squalane mixtures of pH
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2, 8, and 10 adjusted using Fluka buffers. The temperature dependence of G3‐
PAMAM and squalane interaction was measured using a Cary 300 BIO
spectrophotometer with temperature adjusted from 15~23°C at an increment of
2°C and a time interval of 3 min.
Labeling dendrimers
G3‐PAMAM was labeled using 5(6)‐TRITC (Anaspec, λex = 543 nm, λem =
571 nm) at a 1:2 molar ratio and incubated in darkness overnight. This labeling
ratio allowed 2 out of the 32 primary amines of each PAMAM molecule to react
with the isothiocyanate group of the TRITC. This low labeling ratio also ensured
minimal structural and chemical alterations to the primary amines of the
PAMAM. The un‐reacted TRITC was filtered out using Microcon YM‐3 filters
(Millipore, MWCO 3,000 Da). The concentration of the filtered solution was
estimated to be 0.18 mM using spectrophotometry.
Single‐molecule total‐internal‐reflection fluorescence microscopy
A microscope glass slide was sonicated in 2% Micro‐90 solution, washed
thoroughly with Milli‐Q water, and dried at 400˚C for 4 hr in a kiln. A squalane
solution of 10 µL (0.19 mM, in acetone) was coated onto the clean glass slide at
500 rpm for 3 s and 6,000 rpm for 60 s consecutively using a spin coater (WS‐400B
Laurell Technologies). Topological imaging using an atomic force microscope
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(Veeco Dimension 3100) confirmed that the thickness of the thin film was less
than 50 nm.
A

Squalane

B

Figure 2.1. (A) Structure of a squalane molecule. (B) Scheme of the TIRF setup for
measuring the binding between PAMAM (in water) and squalane (immobilized
on a glass slide attached to a prism via immersion oil). The incidence angle of the
laser beam satisfies TIR condition to produce an evanescent wave above the
prism surface. PAMAM emits fluorescence (orange) when it enters the
evanescent wave generated by the laser beam, otherwise remains non‐fluorescent
(dark green).
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A TIRF microscope was used for imaging the interaction between single
TRITC‐labeled G3‐PAMAM in aqueous solution and squalane immobilized on
the glass slide to simulate the phase separations between the amphiphilic
dendrimer and the hydrophobic hydrocarbon (Figure 2.1 B). The TIR condition
was obtained using a frequency‐doubled Nd+:YAG laser (CystaLaser, λ = 532
nm) at a larger than the critical incidence angle and a dove prism (OptoSigma). A
sample cell was formed by double‐sided tapes sandwiched between the glass
slide and a cover glass. The slide was attached to the prism via refractive‐index
matching immersion oil. Immediately prior to imaging, 10 µL of TRITC‐labeled
G3‐PAMAM (13 nM, pH = 8) was flowed in the sample cell. The pH value was
chosen to mimic the conditions in an oil pipeline. When a PAMAM molecule
diffused into the evanescent wave generated by the laser beam, i.e., within
~100 nm from the slide surface [47], the molecule was excited and its fluorescence
shown as a bright spot in the image. Conversely, the fluorescence became
quenched when the molecule diffused out of the evanescent field. In the
experiment the fluorescence of PAMAM was captured using a CCD camera with
single‐photon counting sensitivity (Roper Scientific, 512B). Over 650 data sets
were acquired using WinView32 and analyzed using the MATLAB program
developed in our lab. Each of the data set contained 600 image frames with an
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exposure of 0.2 sec/frame. The time‐lapse intensities of the fluorescence spots in
each image were tracked and counted against background noise. Three binding
constants, T1, T2, and T3 (illustrations see Figure 2.7 inset, derived from average
fluorescence intensities registered on a CCD camera), were obtained and their
histograms were plotted and fit with Gaussian curves in Origin and Excel.
Molecular dynamics simulation
All molecular dynamics simulations were performed in aqueous
solution using LAMMPS (Large‐scale Atomic/Molecular Massively Parallel
Simulator) [50]. The Dreiding force field [51] was used for PAMAM and
squalane, while the TIP3P force field18 was used for water. To model pH
effects, we protonated the amines in the dendrimer according to the scheme
used in References 7 and 52: i.) high pH (> 10), no protonation; ii.) medium or
neutral pH (~ 7), all primary amines are protonated; iii.) low pH (< 4), all
primary and tertiary amines are protonated. The atomic coordinates for the
unprotonated G3 and G5‐PAMAM dendrimers were obtained from [6]. PyMol
was used to protonate the dendrimer to the proper pH level and to add Cl‐
counterions to maintain charge neutrality. The procedure for building and
modeling the aqueous dendrimer‐squalane complex at each pH was as
follows. The dendrimer (and counterions for neutral and low pH) was placed
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in a box of water, with at least 10 Å between any atom of the dendrimer and
the edge of the simulation box, and equilibrated for 500 ps. The water was
removed, a squalane molecule was added to the equilibrated dendrimer
structure,

and

the

system

was

re‐solvated

with

water.

The

final

dendrimer/squalane/water system was then run for 2 ns of molecular
dynamics to monitor the interaction between dendrimer and squalane. A
spring force between the center‐of‐masses of the squalane and dendrimer was
used to push the two molecules together for the first 10 ps. The spring force
was then turned off for the remainder of the run.
All simulations were carried out at 300 K and 1 atm using the Nose‐
Hoover thermostat and barostat. The equations of motion were integrated
with a 1 fs time step. A cutoff of 10 Å was used for van der Waals interactions
and the PPPM (particle‐particle particle‐mesh) solver22 was used for
Coulombic interactions. The radius of gyration, Rg, of the dendrimer was
monitored during the simulations to estimate the size of the dendrimer. This
quantity is given by

< Rg2 >= 〈[∑ mi (ri − rcm ) 2 ]〉 / M
i
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where M is the total mass of the dendrimer, mi is the mass of atom i, ri is the
position of atom i, and rcm is the center‐of‐mass of the dendrimer. Another
estimate of size is RN, the radius of gyration considering only the nitrogen atoms
in the primary amines.
Results and discussions
As shown in Figure 2.2, the absorbance of G1, G3, and G5‐PAMAM was
increased by 28.5%, 2%, and 0%, respectively, after mixed with equal amount of
squalane (λ = 280 nm). These increases were due to the binding of the
hydrophobic squalane originally at the air‐water interfaces to form complexes
with the PAMAM in the suspensions. This measurement suggests the interaction
between PAMAM and squalane is greater for dendrimers of lower generations,
where surface groups are fewer, branches are shorter (and more rigid), and
interiors are more accessible for the squalane to bind. To confirm the generation
effect on binding, we conducted molecular dynamics simulations of G1, G3, and
G5‐PAMAM dendrimers interacting with squalane in an explicit water
environment at neutral pH. Figure 2.3 shows the instantaneous distance of
separation between the centers of mass of PAMAM and squalane, along with Rg
and RN for each generation. Representative snapshots of the complexes, collected
after 1 ns, are shown to the right. For G1, the squalane remains within 6 Å of the
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dendrimer center of mass. For generations 3 and 5, the squalane is restricted to
interacting with the surface of the dendrimer. Based on these observations we
focus on G3‐PAMAM for the rest of the study.

G1
G1+Sq
G3
G3+Sq
G5
G5+Sq

Absorbance (a.u.)

0.30

0.20

0.10

0.00
280

298

316

334

352

Wavelength (nm)

Figure 2.2: Dependence of PAMAM‐squalane interaction on dendrimer
generation. At 280 nm, the absorbance was increased by 28.5%, 2%, and 0%
respectively for equal molar of G1, G3, and G5‐PAMAM mixed with fixed
amount of squalane. The increases of the absorbance were due to the binding of
squalane from air‐water interfaces to PAMAM in the suspensions. Symbol “Sq”
in the figure legend denotes the addition of squalane otherwise it refers to
PAMAM of various generations.
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A

B

C

Figure 2.3: Distance of separation between the centers of mass of PAMAM and
squalane for: (A) G1, (B) G3, and (C) G5. The instantaneous radii of gyration for
all dendrimer atoms (Rg) and the nitrogen atoms (RN) in the primary amines are
shown for comparison. Snapshots of the PAMAM (blue) and squalane (orange)
complexes from the molecular dynamics simulations are shown to the right.
Hydrogen atoms, water molecules and counterions have been removed for
clarity. The images were rendered using VMD [53].
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We have examined temperature effect on the binding of G3‐PAMAM and
squalane. The temperature of the G3‐PAMAM‐squalane mixture was adjusted
from 15˚C to 23˚C at an increment of 2˚C. To ensure equilibrium, absorbance of
the mixture was recorded every 3 min after a new temperature was set. We
observed no more than 0.1% fluctuation of the absorbance for all the
temperatures, indicating the binding of PAMAM and squalane is temperature
insensitive.

pH2
pH2+Sq
pH8
pH8+Sq
pH10
pH10+Sq

Absorbance (a.u.)

0.16

0.12

0.08

0.04

0
280

298

316

334

352

Wavelength (nm)

Figure 2.4: Measured pH dependence of PAMAM and PAMAM‐squalane. The
pH value of the water solvent was adjusted to 2, 8, and 10, respectively. Symbol
“Sq” in the figure legend denotes the addition of squalane otherwise it refers to
PAMAM alone.

The pH dependence of the dendrimer‐hydrocarbon interaction has been
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studied and is shown in Figure 2.4, where both the absorbance values of G3‐
PAMAM and G3‐PAMAM‐squalane increase monotonically with the pH of
the solvent. In particular, with the addition of squalane, the absorbance of the
solution at 280 nm was increased by 0.004, 0.01, and 0.01 for pH values of 2
(low pH), 8 (medium pH), and 10 (high pH), respectively. These increases are
believed to be caused by the association of the squalane with the dendrimer.
To test this hypothesis, we conducted molecular dynamics simulations of a
G3‐PAMAM and squalane in explicit water at high, medium (neutral), and
low pH. Figure 2.5 shows the instantaneous distance of separation between
the centers of mass of the G3‐PAMAM and the squalane, along with the radii
of gyration of the dendrimer at high and low pH. At high pH (no
protonation), the dendrimer encapsulates the squalane after 600 ps. At neutral
pH (all primary amines protonated), shown in Figure 2.3 B, the squalane
interacts with the surface of the dendrimer but never penetrates it. At low pH
(all primary and tertiary amines protonated), the squalane briefly explores the
interior of the dendrimer but spends a significant amount of time near the
surface of the dendrimer. The fluctuations in the centers of mass separation
distance for the neutral and low pH cases are larger than those for the high
pH case, indicating that binding interaction at neutral and low pH is weaker.
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A

B

Figure 2.5: Distance of separation between the centers of mass of PAMAM and
squalane at: (A) high and (B) low pH. The instantaneous radii of gyration for all
dendrimer atoms (Rg) and the nitrogen atoms (RN) in the primary amines are
shown for comparison. Snapshots of the G3‐PAMAM (blue) and squalane
(orange) complexes from molecular dynamics simulations are shown to the right.
The neutral pH case for G3‐PAMAM is shown in Figure 2.1 B. Hydrogen atoms,
water molecules and counterions have been removed for clarity. The images
were rendered using VMD [53].
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Figure 2.6: Fluorescence images of PAMAM on glass (A) Fluorescence image of
TRITC‐labeled PAMAM on a plain glass slide without squalane coating. Very
few PAMAM molecules are observed. (B) Fluorescence image of single TRITC‐
labeled PAMAM molecules (13 nM) adsorbed on a glass slide sparsely coated
with squalane. The binding of PAMAM to squalane is evident.
Representative snapshots of the complexes, collected after 1 ns, are
shown to the right in Figure 2.5. These images illustrate how the dendrimer
conformation changes with decreasing pH. The relatively compact structure at
high pH provides a favorable hydrophobic environment for squalane, while
the more open structures at neutral and low pH (due to electrostatic repulsion
between protonated amines) allow more water molecules into the interior and
thus, provide a less favorable environment for the squalane. The solvent pH
effects on dendrimer size and conformation obtained here are consistent with
previous experimental [54, 55, 56] and theoretical [7, 56‐60] characterization of
PAMAM in solution.
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A comparison between Figs. 8A (control slide, plain) and B (slide,
sparsely coated with squalane) further confirms the interaction between
PAMAM and squalane. The number of bright spots, representing single
fluorescently‐labeled PAMAM molecules entrapped in the evanescent wave
by the squalane, is significantly more in Figure 2.6 B than in 2.6 A. In our
experiment we also observed the disappearance of bright spots over time,
which is attributed to the dissociation of PAMAM from the squalane.
Our fluorescence imaging further suggests that the binding of PAMAM
and squalane is reversible, probably caused by the competition between weak
inter‐ and intramolecular forces and Brownian motion. We describe such a
reversible process in three steps: approaching (PAMAM searching for
immobilized squalane in the evanescent wave), binding (formation of PAMAM‐
squalane supramolecular complexes), and dissociation (PAMAM departing from
squalane). In other words, when a PAMAM molecule approaches the glass slide
through diffusion, the dendrimer may initiate its interaction with a squalane via
one or a few branches. This process can be manifested by the approaching
constant T1 (Figure 2.7). When more branches of the PAMAM come in contact
with the squalane, or the squalane molecules in proximity, binding constant T2
takes over till most of the branches of the PAMAM are detached from the
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hydrocarbon. Opposite to T1, the dissociation constant T3 describes the process
when the last branch of the dendrimer is detached till the dendrimer diffuses out
of the evanescent wave. In our experiment where the pH value was 8, the
averaged kinetic constants, T1, T2, and T3, were determined to be 0.5±0.3 s, 7.5±6 s,
and 0.5±0.3 s from the Gaussian fitting curves (solid lines, Figure 2.5).
Interestingly the values of T1 and T3 showed little differences possibly because of
the random nature of Brownian motion and the nonspecific interaction between
the dendrimer and the hydrocarbon. Based on Figs. 6 and 7, we expect these
measured kinetic constants, especially T2, will change with the pH of the solvent.
However, the time scales of such kinetic processes are beyond the capability of
our atomistic simulations.
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Figure 2.7: Measured time constants (A) T1=0.5±0.3 s, (B) T2=7.5±6 s, and (C)
T3=0.5±0.3 s for approaching, binding, and dissociation of PAMAM with respect
to immobilized squalane (pH=8). The numbers after “±” denote the half widths at
half maxima from Gaussian fitting (solid lines in A‐C). The time constants are
defined by the average fluorescence intensities on a CCD camera (top, inset).

31

Conclusion
We have examined the molecular interactions between dendrimer and
hydrocarbon

using

combined

techniques

of

spectrophotometry,

TIR

fluorescence microscopy, and atomistic simulations. We have found the
interactions between dendrimer and hydrocarbon are temperature insensitive
but are dendrimer‐generation and solvent‐pH dependent. The binding of
squalane to PAMAM is stronger for lower generations of dendrimers, possibly
due to the more open interiors of the latter for interaction. Regarding the pH
effect, at a high pH value of 10, the PAMAM dendrimer is neutral and
assumes a small radius of gyration. Such a flexible structure allows for the
uptake of squalane hydrocarbon via hydrophobic interaction. At neutral pH,
the end groups of the PAMAM become cationic. As a result, the radius of
gyration of the PAMAM is increased and the interiors of the dendrimer cater
more water molecules to discourage squalane binding. At low pH where all
the PAMAM amines are protonated, the dendrimer molecule is swelled and
its branches become more rigid due to mutual repulsion. Consequently, the
interiors of the dendrimer allocate more water to further suppress the
attachment of the hydrocarbon.
The interactions between PAMAM and squalane have also been found
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to be reversible at physiological pH, where weak inter‐ and intramolecular
forces may succumb to Brownian motion. We have further determined the
approaching, binding, and dissociation constants as 0.5 s, 7.5 s and 0.5 s,
respectively. Since the binding affinity is subject to the total number of
squalane molecules in contact with one PAMAM molecule, or vice versa, we
believe the time constants, especially the binding time constant T2, will further
increase with the pH of the solvent.
Due to technical limitations our experimental designs and simulations
conditions are less hydrophobic than the practical environment of an oil pipeline.
However, we believe that our study of dendrimer‐hydrocarbon interaction at the
molecular level is a major step towards unraveling the mechanisms of gas
hydrate prevention. We comprehend that high pH values are favorable for the
encapsulation of hydrocarbon or gas molecules by dendrimers or hyper‐
branched polymers. Such conditions will facilitate the removal of gas hydrate
blockages in the oil pipeline. Our study can also be applied to the general case of
loading hydrophobic molecules onto branched polymers, such as encapsulating
molecules inside a dendrimer for cell trafficking [61, 62] and gene delivery [63].
Another extension from this research lies in our fundamental understanding of
the diffusion and reptation of nonlinear polymers [64, 65].
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CHAPTER THREE
DENDRIMER FOR PLANT GENE DELIVERY
Based on the study in Chapter 2 on the physical chemistry of dendrimers
and the binding of dendrimers and hydrocarbon, I describe in this chapter the
use of PAMAM for the attachment of plasmids containing a reporter gene
encoding for jellyfish (Aequorea victoria) green‐fluorescent protein (GFP). GFP has
been largely used as reporter for both plant nuclear and chloroplast
transformation [66, 67]. I demonstrate the delivery and the consequent
expression of the GFP gene in the cells of turfgrass (scheme see Figure 3.1), a
major crop species for recreational sports and environmental protection and
enhancement. The transfection and expression of the GFP gene are confirmed
using the fluorescence emission and sectioning properties of confocal
microscopy.
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A

B

Figure 3.1: GFP expressing plasmid for experiment (A) Experimental scheme. A
plant expression vector (gene map see B), 35SC4PPDK‐sGFP(S65T) containing a
reporter gene encoding for GFP is bound with multiple G‐4 PAMAM molecules.
The length of the plasmid is 4230 bp (shown in blue) while the gene encoding for
GFP is 739 bp (shown in green). The illustrated turfgrass cell has a cell wall
(green), a nucleus (black), and two vacuoles (grey).
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Methods
PAMAM
Generation 4 dendrimers, or G4‐PAMAM (MW 14,215), were purchased in
aqueous solution from Dendritech. Each of the G4‐PAMAM molecules has 64
primary amines at the outer rims and the nominal diameter of the dendrimer is
4.5 nm. The primary amine groups of the G4‐PAMAM molecules reacted with
fluorophore 5(6) TRITC (Anaspec, MW 443.52, λex = 543 nm, λem = 571 nm) at a
molar ratio of 1:1 and the labeled dendrimers were incubated at room
temperature overnight. Unreacted TRITC molecules were filtered out from the
solution using Amicon Centriplus YM‐3 filters (Millipore, MWCO 3,000). After
filtration the labeled dendrimers were re‐suspended in Milli‐Q water (pH = 7.4).
At this pH value the primary amines of the dendrimers were expected to be
protonated while the tertiary amines mostly neutral. Such a structure allows for
the electrostatic interactions between the dendrimers and negatively charged
DNA.
Turfgrass cell culture
Callus cells of creeping bentgrass (Agrostis stolonifera L., cv. Penn‐A‐4)
initiated from mature seeds [68] were immersed in MOPS–minimal salts–
tryptose medium (3 mM KCl, 12 mM [NH4]2SO4, 3.2 mM MgSO4, 0.02 mM
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FeSO4, 3 mM NaCl, 0.1% tryptose in 50 mM, 3‐[N‐morpholino]propanesulfonic
acid [MOPS]) with 0.8% glycerol (MMSTG medium, pH 7‐8).

Confocal fluorescence imaging of dendrimer delivery (control)
The cells were incubated at room temperature overnight in an 8‐well
chamber glass with the TRITC‐labeled dendrimers. The plant cells were then
observed with an inverted confocal fluorescence microscope (Zeiss, LSM 510).
The fluorescence of the samples was excited with a He‐Ne laser at 543 nm. The
samples were scanned along the axial direction to make sure the fluorescence
was from the interiors of the cells. The uptake of TRITC‐labeled PAMAM by the
plant cells is shown in Figure 3.2 B, where the fluorescence of TRITC can be
found on cell membranes as well as accumulated inside the cells. This
experiment demonstrated the robust capability of dendrimer translocation across
the rigid plant cell walls. Based on this observation, our following experiment
aimed to show the delivery of plasmid DNA using dendrimers as transporters. A
plant expression vector, 35SC4PPDK‐sGFP(S65T) containing GFP reporter gene
under the control of a constitutive promoter [69] was used for the assay (Figure
3.1 B). The visualization of transient GFP expression within plant cells is
indicative of dendrimer‐mediated DNA delivery across the plant cell walls.
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Figure 3.2: Confocal images of (A) turfgrass cells (bright field) and (B) turfgrass
cells incubated overnight with TRITC‐labeled PAMAM (fluorescence overlaid
with bright field). The fluorescence of TRITC indicates significant uptake of the
dendrimer by plant cells.

Gel electrophoresis on PAMAM‐DNA binding

38

Figure 3.3: Gel electrophoresis on the binding of GFP‐containing plasmid and
PAMAM. Lanes 1 and 2 correspond to GFP‐containing plasmid (230 ng) and G4‐
PAMAM (512 ng), respectively. Lanes 3‐9 correspond to samples of an N/P ratio
of 0.025, 0.05, 0.1, 0.2, 0.5, 1, and 2, respectively. At an N/P ratio of 0.5 and above,
the binding of plasmid with PAMAM caused the significant trapping of the DNA
in the top wells (lanes 7‐9).

Plasmid DNA of 330 ng was incubated for 20 min at room temperature
with unlabeled G4‐PAMAM at an N/P (amino to phosphate) ratio of 0.025, 0.05,
0.1, 0.2, 0.5, 1, and 2, respectively. All samples were prepared in Tris‐Cl buffer
(pH 7.4) and mixed on a shaker. To confirm the binding of DNA to PAMAM, gel
electrophoresis was performed on the samples (0.7% agarose, 1 hr, 80V) along
with plasmid DNA and G4‐PAMAM as two separate controls. Significant
binding between the DNA and the dendrimer occurred for N/P ratios of 0.2 and
above (Figure 3.3). At these N/P ratios, the anionic DNA is expected to form
supramolecular complexes with the cationic dendrimers via electrostatic
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interactions. The conformation of DNA‐PAMAM complexes is described as
“(PAMAM) beads on a (DNA) string” in the limited literature [70, 71], much like
the structure of histones wrapped by DNA in cellular chromatin. Since double‐
stranded DNA possesses a finite persistence length of ~50 nm [72], tight
wrapping of DNA around G4‐PAMAM (4.5 nm in diameter) was unlikely to
occur in our experiment. Rather, we perceive that G4‐PAMAM molecules were
bound to DNA in a less organized form and such form might evolve into “beads
on a string” with larger dendrimers. Alternatively, it is entirely conceivable that
single‐stranded DNA, with a persistence length of merely ~1 nm [72], would
wrap PAMAM much more effectively than double‐stranded DNA. In any case,
saturation of the binding is expected to occur when the negatively charged
phosphate backbone of the DNA is completely screened by the positively
charged primary amines of the PAMAM. Further increase of the N/P ratio would
cause accumulation of free dendrimers in the solution. The complexes of DNA‐
PAMAM are bulky in size and “supramolecular mass”, and are electrostatically
neutral or less negatively charged than DNA alone. Therefore DNA‐PAMAM
complexes were mostly trapped in the top wells without migrating down the
lanes in gel electrophoresis (Figure 3.3), consistent with that reported previously
[68, 70].
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Confocal fluorescence imaging of dendrimer gene delivery

Figure 3.4: Confocal images of (a) turfgrass cells (control, bright field), (b)
scattered turfgrass cells incubated with DNA‐PAMAM at an N/P ratio of 0.2 for 3
days (fluorescence overlaid with bright field), and (c) grouped turfgrass cells
incubated with DNA‐PAMAM at an N/P ratio of 0.2 for 3 days (fluorescence).
The green fluorescence in (b) and (c) indicates the expression of the GFP gene
after their uptake by the plant cells.

DNA‐PAMAM with N/P ratios of 0.2 and 0.5 were chosen for incubating
with turfgrass cells and for the subsequent imaging experiment. Specifically,
DNA‐PAMAM complexes were added to turfgrass cells in an MMSTG medium
(pH 7‐8) and the samples were incubated in an 8‐well chamber for 3 days on a
shaker. This incubation allowed for DNA uptake by the turfgrass and the
consequent GFP expression inside the cells. After incubation the samples (2
copies each for control and N/P ratios of 0.2 and 0.5, respectively) were observed
using the confocal fluorescence microscope. First, turfgrass cells without DNA‐
PAMAM (control, Figure 3.4 a) were imaged in order to set the threshold to
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remove the weak autofluorescence of the plant cells. Second, turfgrass cells with
GFP‐encoding plasmid DNA were imaged to further subtract the fluorescence
produced from the cells. Finally, turfgrass cells incubated with DNA‐PAMAM
complexes were imaged and axially scanned to confirm the presence of GFP
fluorescence inside the cells. The samples were excited with an argon laser λ =
488 nm and the GFP emission was collected using a long pass filter (LP, λcutoff =
505 nm).
Green fluorescence, concentrated near the nuclei of the turfgrass cells, was
consistently observed for N/P ratio of 0.2 (Figs. 13B and 13C), while little green
fluorescence was found for N/P ratio of 0.5. Consistent observations were made
for 5 different sets of samples prepared separately. These results suggest that an
increased dendrimer concentration significantly reduced the uptake of DNA‐
PAMAM by turfgrass cells. This reduction is possibly due to the free dendrimers
generated at a high N/P ratio which competed with DNA‐PAMAM for the
uptake by the plant cells. At neutral pH as in our experiment these free cationic
dendrimers possessed a higher binding affinity than DNA‐PAMAM for the
weakly anionic plant cell walls. As a result the cell walls were coated with free
dendrimers which hindered the uptake of DNA‐PAMAM, thus mitigating the
consequent GFP expression inside the cells. Another possibility for the lower
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transfection of GFP gene at higher N/P ratios could be due to the increased
physical hindrance from the dendrimers for releasing or exposing DNA to gene
transfection machineries. A summary is given in Figure 3.5 on the rate of cell
fluorescence due to GFP expression. For the five independent assays performed,
an average of 48.5% of randomly chosen turfgrass cells displayed GFP
expression.
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Cell fluorescence rate

~30 cells imaged for each assay
80.0%

60.0%

40.0%

20.0%

0.0%
1

2

3

4

5

Assay

Figure 3.5: Rate of fluorescence in turfgrass cells incubated with DNA‐PAMAM
for 3 days. For the 5 independent assays performed, 48.5% of the randomly
chosen cells displayed GPF expression. N/P ratio: 0.2.
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Results and discussions
The delivery of the GFP gene by PAMAM is believed to be due to the
passive diffusion of the DNA‐PAMAM complexes in cell medium and across the
plant cell walls, which was facilitated by the electrostatic interactions and
adsorption between the complexes and the cell walls, endocytosis, and other
mechanisms such as “holing” [62, 74] ‐ a process destructive of the cellulose
network in the plant cell walls by PAMAM dendrimers. The expression of the
GFP gene in turfgrass cells is remarkable, considering that gene delivery was
done without much physical intrusion as is the case with biolistic particle
bombardment or electroporation [73, 75]. We expect that the current expression
efficiency can be further improved by optimizing the physical dimensions and
the net charge of the DNA‐PAMAM complexes. Specifically, smaller DNA‐
PAMAM complexes are expected to be more favorable for cell uptake and can be
obtained by choosing lower generations of PAMAM or reducing the N/P ratio.
Lower generations of PAMAM would also favor their tight binding to or
wrapping by DNA for more effective translocation across the plant cell walls.
The net charge of the DNA‐PAMAM complexes, on the other hand, affects their
binding affinity for cell walls and can be fine tuned by changing the N/P ratio or
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adjusting buffer pH. Alternatively, the efficiency of gene transfection may be
improved by selection of the best plant target cells.
Conclusion
In summary, we have studied the feasibility of using poly(amidoamine)
dendrimers as a new carrier for gene delivery into plants with intact cell walls.
Our data demonstrated the formation of supramolecular complexes of
poly(amidoamine)

dendrimer‐DNA

via

electrostatic

interactions.

These

complexes were observed penetrating through the cell walls of turfgrass callus
and expressing foreign genes within the cells. The use of the delivery system
developed here with turfgrass cells as a target can be easily extended to virtually
all plant species having successful regeneration systems in place. This
demonstrated method for DNA delivery offers a number of advantages
compared to currently existing protocols for gene transfer into plant cells, and
could dramatically enhance the procedures for crop improvement using
transgenic technology. Further experiment is being conducted to regenerate
plants from those transformed cells reported in this work. Toward optimizing
the efficiency of dendrimer‐mediated DNA delivery, extensive assays are being
performed by varying N/P ratio, dendrimer generation, buffer pH and
temperature, and incubation time for DNA‐PAMAM complex formation. Other
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crop species, such as rice, will also be used as targets for gene delivery. In
addition, Monte Carlo simulations or molecular dynamics simulations will
provide great insight into the structural and transport properties of DNA‐
PAMAM complexes [76, 77, 78], which will facilitate our experimental design.
Although the current experimental conditions must still be fine tuned to achieve
high efficiency of dendrimer‐mediated DNA delivery into cells of various plant
species, the present study demonstrates the great potential of nanotechnology in
plant science research, and provides a basis for further investigation into
developing

novel

tools

for

agricultural

production.
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biotechnology

and

agriculture

CHAPTER FOUR
CONCLUSIONS AND FUTURE WORK
I have presented in this thesis work from the two stages of my MS
research ‐ the focus on dendrimer‐hydrocarbon interaction to gain insight on the
physical chemistry of the fascinating PAMAM dendrimer and its supramolecular
complex, and the focus on utilizing such interaction for dendrimer‐assisted gene
delivery to plant cells.
Throughout the first stage of this research I have employed the techniques
of

spectrophotometry,

spin

coating,

and

single‐molecule

fluorescence

microscopy. Together with the molecular dynamics simulations performed by
our collaborators at Iowa State University, this study has offered new insight on
dendrimer‐hydrocarbon interaction at the molecular level.
I have first shown that the interaction between dendrimer PAMAM and
hydrocarbon squalane is pH dependent. At higher pH of 10, PAMAM is
completely neutral and assumes a smaller radius of gyration. The structure is
highly flexible and facilitates the adsorption of squalane through hydrophobic
interaction. At neutral pH of 8, the terminal groups of PAMAM assume positive
charge increasing its radius of gyration. The interiors of PAMAM prefer more
water molecules while discouraging squalane to bind. At low pH of 2, all the

47

nitrogen atoms of PAMAM are protonated. As a result the PAMAM becomes
more rigid due to mutual repulsion, which allocates more water molecules in its
interior to discourage the binding of squalane. In short, neutral or high pH is
preferable for hydrocarbon binding to PAMAM.
I have shown the interaction between PAMAM and squalane is stronger
for dendrimers of lower generations, a compromise between the steric
constraints of the dendrimers and the repulsion between the dendrimer
branches. In short, smaller dendrimers are preferable for squalane binding.
I have shown the interaction between PAMAM and squalane is reversible
at physiological pH, where Brownian motion may overwhelm the weak inter‐
and intramolecular forces. The time constants for approaching, binding, and
dissociation are determined as 0.5 s, 7.5 s and 0.5 s, respectively.
The purpose of the first‐stage study goes beyond unraveling the
fundamental mechanism of dendrimer‐hydrocarbon interaction. It intends to
offer an insight for the practice of gas hydrate prevention in the petroleum
industry, and more importantly, for the implications of encapsulating
hydrophobic molecules into dendrimers for cell trafficking and gene delivery [61,
62].
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The second stage of my research utilizes the knowledge gained from the
studies of dendrimer properties and dendrimer‐hydrocarbon interaction. I have
formed a supramolecular complex of PAMAM‐DNA via the electrostatic and
hydrophobic interactions. I have further shown the uptake of the complex by
turfgrass cells obtained from callus. The major advantages of our scheme are its
simplicity, cost effectiveness, and noninvasiveness.
In our future research, the technique of dendrimer gene transfection will
be applied to a broad range of plants including major crop species. The
parameters which may be optimized include the N/P ratio of PAMAM‐DNA
complexes, solvent pH, incubation time, temperature, and dendrimer generation.
Molecular simulations could complement by providing structural and transport
properties of Dendrimer‐ DNA complexes [76, 77, and 78]. These approaches will
serve to advance fundamental science as well as the field of plant biotechnology.
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